Allostery is an important mechanism to control protein activity through a series of discrete conformational changes that alter the oligomeric protein structure and ligand affinity. In this regard, the homodimeric hemoglobin (HbI, see Figure 1 ) from the invertebrate Scapharca inaequivalvis is the simplest protein to study allostery and cooperative ligand binding because of its homodimeric structure when compared with the tetrameric mammalian hemoglobin (Hb), a standard paradigm for studying the allosteric regulation.
Jungkweon Choi, [a] Srinivasan Muniyappan, [a] John T. Wallis, [a] William E. Royer, Jr., [b] and Hyotcherl Ihee* [a] Allostery is an important mechanism to control protein activity through a series of discrete conformational changes that alter the oligomeric protein structure and ligand affinity. In this regard, the homodimeric hemoglobin (HbI, see Figure 1 ) from the invertebrate Scapharca inaequivalvis is the simplest protein to study allostery and cooperative ligand binding because of its homodimeric structure when compared with the tetrameric mammalian hemoglobin (Hb), a standard paradigm for studying the allosteric regulation. [1] Here we report that a combination of time-resolved spectroscopic probes is necessary to provide convincing and comprehensive assignments of protein kinetics. Our comparative results using both transient absorption spectroscopy and transient grating techniques show that transient absorption spectroscopy is sensitive to the protein relaxation that takes place in the heme environment of proteins, but can be blind to the overall quaternary structural change.
HbI shows highly cooperative ligand binding with a Hill coefficient of 1.5 and mainly tertiary structural changes rather than quaternary structural changes due to the ligand binding, [2, 3] whereas the cooperativity of Hb reveals large quaternary structural as well as tertiary structural changes. [4] [5] [6] [7] For instance, after the photodissociation of the ligand, allosteric changes in HbI are tightly coupled with tertiary structural changes that include the heme-heme interaction due to the relocalization of the heme groups, [8, 9] the reorganization of interfacial water molecules at the subunit interface [10] and the F helix phenylalanine flipping. [9] [10] [11] For the quaternary structural changes, a small subunit rotation of 3.38 is estimated to occur based on the comparison of the static X-ray crystal structures of the liganded and unliganded HbI. [8, 9] In time-resolved X-ray crystallographic studies, [12] a HbI mutant (M37 V) with lower geminate rebinding was used and thus the yield of the structural transition is higher than with the wild type. Although the mutant has an enlarged distal pocket, it maintains cooperative ligand binding and undergoes the same ligand-linked structural transitions as wild-type HbI.
In this study, the conformational dynamics and thermodynamics of HbI in solution phase have been investigated using time-resolved photothermal spectroscopic techniques such as the laser-induced transient grating (TG) and photoacoustic (PA) calorimetric techniques as well as the typical transient absorption (TA) spectroscopy. The TG technique is a powerful tool to monitor the spectrally silent dynamics such as changes in molecular energy, volume or interactions during chemical reactions. [13] [14] [15] [16] It had been accepted that the transition from R state (oxy-form) to T state (deoxy-form) of HbI in solution phase takes place at a rate of 0.5-2 ms. In this study, however, we found~1.4 ms kinetics, which is observed by both the TA and TG techniques, may be attributed to the absorption change of the heme group in HbI rather than the full R-T transition of HbI. Furthermore, the quantitative analysis of TG signals reveal a new dynamics of~8.7 ms, which was not observed by the TA technique and may be attributed to the molecular volume change due to the R to T quaternary structural change. PA and TG measurements of the volume changes associated with these processes allow us to link the two processes to the entry of water molecules into the dimeric interface. In addition, from the measurement of the temperature-dependent TA and PA signals, we also determined the thermodynamic properties for the formation of the tertiary HbI intermediate upon the photodissociation reaction of HbICO. Our results show that the combination of complementary probes allows a more convincing and comprehensive assignment of the observed timescales to tertiary and quaternary structural transitions and corrects some of previous kinetic assignments, underscoring the importance of employing combined probes. All TG signals for the HbI samples rise quickly after photoexcitation within the instrumental response time of our system and then reveal a weak slowly rising component. The signals then show a decay component on a few-microseconds timescale, again rise within several ten microseconds and finally decay to the baseline with a lifetime of milliseconds. Considering the thermal diffusivity in the experimental condition, the dynamics observed in the few-microsecond timescale should include the contribution of the thermal grating produced by the thermal energy coming from the nonradiative transition and the enthalpy change of the reaction. An initial attempt to fit the TG signal with a simple equation revealed that the rate constants of two fast components show a constant value regardless of q 2 , meaning that these dynamics are the reaction kinetics followed after the photodissociation of the CO ligand, not those of the diffusion processes of chemical species involved in the photodissociation reaction of HbICO. From the q 2 dependent TG signals as depicted in Figure 2 a, the slower dynamics (~submillisecond and millisecond) is attributed to the diffusion processes of species such as HbICO, HbI and CO. Since the molecular sizes of HbI and HbICO are very similar, the diffusion coefficients of two species are similar (D HbI % D HbICO ). The constant background between fast dynamics and slow dynamics reflects the dk HbI component, (see Supporting Information for details), which can be attributed to an absorption change of the band III of the protein (HbICO!HbI + CO). We fit all TG signals by minimizing the discrepancy between the experimental curves for all q 2 values (global fitting analysis) and theoretical curves represented by Equation (1) ). [15, 17] On the other hand, the D HbI (0.73 10 À10 m 2 s
À1
), determined from the TG method, is compared with that calculated from the molecular weight of HbI (M HbI :~32.1 kDa). Young et al. reported that the size and volume of a protein can be determined from its molecular weight because the partial specific volume of a protein has a mean value of 0.73 cm 3 g À1 , and they proposed the empirical Equation (2) to calculate the diffusion coefficient of a protein.
[18]
where T is temperature, h is the solvent viscosity and M is the molecular weight of a protein. From Equation (2), the diffusion coefficient of HbI is calculated to be~0.75 10 À10 m 2 s
. This value is consistent with that of the HbI determined from TG signals (0.74 10 À10 m 2 s À1 ). Here, we consider the origins of two rate constants (k f1 and k f2 ) observed in the few-microsecond time region. Candidate processes responsible for these (1.4 ms and 8.7 ms) are as follows: 1) the geminate recombination of the CO ligand, 2) the tertiary structural changes such as the relaxation of the heme propionate groups toward their T-state and packing of the F4 Phe in contact with the heme, or 3) the quaternary subunit rotation from R state to T state. It has been widely accepted that the R-T transition of HbI in solution takes place with a rate of 0.5-2 ms based on the TA signals. [19, 20] Chiancone and coworkers reported [19] that after the photoexcitation, 5 % of the dissociated CO ligand geminately rebinds to iron with the rate constant of 1.4 10 7 s À1 (71 ns), and there is an absorbance change of deoxyHbI following photolysis at a rate constant of 1.2 10 6 s À1 (0.83 ms). Nichols and co-workers reported [20] that the absorbance change associated with the allosteric transition between R and T states occurs with a rate constant of 2 10 6 s À1~5 10 5 s À1 (0.5-2.0 ms). Rousseau and co-workers reported [21] that the transient form relaxes to the deoxy structure concertedly with a half-life of 1 ms, and attributed this timescale to tertiary relaxations. In order to further examine the conformational dynamics of HbI following after the photodissociation of CO ligand, we conducted our own TA experiment in a 100 mm phosphate buffer solution (pH 7) at 298 K and the result is depicted in Figure 3 .
The temporal profile of the absorbance change in the TA signal can be well expressed by a biexponential function with relaxation times of~1.8 AE 0.1 ms and 3.3 AE 0.1 ms. The relaxation time of~1.8 ms is consistent with that determined from the TG method (~1.4 ms) within an experimental error, indicating that both dynamics share the same origin. The slow dynamics (3.2 ms) is due to the bimolecular recombination of CO and HbI. On the other hand, the temperature dependence on the TA signals captured the geminate recombination of the CO ligand that occurs within a rate constant of 9.9 (AE 8. [12] show that the tertiary allosteric transitions occur in a concerted fashion in crystalline HbI with a rate constant of 6.5 10 4 s
(15.4 ms) and precede the subunit rotations that characterize the full R to T transition. These structural transitions observed in the crystalline state appear to correspond to the~1.4 ms dynamics of HbI in solution determined in the TG and TA measurements. Although the tertiary structural change observed in single crystals is an order of magnitude slower than that in solution phase, this difference is probably due to the tight packing in the HbI crystals (43.7 % solvent). Therefore, considering the previous studies and our experimental results, the~1.4 ms kinetics, which is observed by both the TA and TG techniques, may be attributed to the absorption change of the heme group related with the tertiary structural change rather than the quaternary structural change. This is against the widely accepted previous assignments of 0.5-2 ms kinetics to R-T quaternary structural transition. [19, 20] Instead we suggest that the dynamics of~8.7 ms, which is not observed by the TA technique, should be attributed to the molecular volume change due to the quaternary structural change from R state to T state. This proposed separation of the tertiary structural transitions from the quaternary subunit rotation is supported by time-resolved crystallography studies [12] in which Knapp et al. observed that the T to R subunit rotation substantially lags formation of the tertiary T-state, with only partial rotation (0.68) towards the T-state occurring by 80 ms in crystalline HbI. The difference in the R-T transition dynamics observed in solution and in crystalline state may be due to the molecular contacts in the single crystal that can slow the quaternary transition of HbI. Furthermore, we could not observe any slower quaternary relaxation following the dynamics of 8.7 ms. Thus we suggest the dynamics at~8.7 ms is due to the R-T transition which is the final stage of the conformational dynamic of HbI. It is worth noting that the two dynamics of 1.4 ms and~8.7 ms (k f1 and k f2 ) have a negative sign of the refractive index change (dn f1 and dn f2 < 0) as depicted in Figure 2 b . The negative dn f1 and dn f2 decay over time, indicating that the absorption change of the heme group due to the tertiary structural change of HbI (corresponding to dn f1 ) and the R-T transition (corresponding to dn f2 ) after photoexcitation of HbICO causes the volume contraction of protein solution in both processes. Also the magnitude of dn f1 is larger than that of dn f2 by a factor of 3.5, indicating that the volume contraction is larger for the first process (~1.4 ms) than the latter (~8.7 ms). This volume contraction will be discussed in detail in the next section.
Our comparative results using both TA and TG techniques show that the TA signal is very sensitive to the protein relaxation that takes place in the heme environment of proteins, but can be blind to the overall quaternary structural change. In addition the fact that the 8.7 ms kinetics observed in the TG signal but not in the TA signal provides additional evidence that the quaternary structural change does not involve significant change in the heme environment.
Time-resolved photothermal spectroscopic techniques such as the TG and PA methods are useful tools to measure the enthalpy change (DH) and the volume (DV) change that occur due to optical absorption. In order to elucidate the thermodynamic properties of HbICO, we measured the photoacoustic signals of HbICO and a reference sample (CoCl 2 ) as a function of temperature using the PA method. Figure 4 shows the representative photoacoustic signal of HbICO and CoCl 2 . The similarity and lack of time shift of the wave-shape for both the sample and reference indicates that only one kinetic process is visible in the experimental time window. From the intercept and slope of the plot of f·E hn versus C p 1/b, we obtained the values of DH = 6.8 (AE 0.1) kcal mol À1 and DV = 0.12 (AE 0.07) mL mol À1 for HbICO, indicating that the photodissociation reaction of HbICO is an endothermic reaction and induces a very small volume change. Due to the maximum available time delays (2 ms) for the PA measurement, the obtained DH and DV values conveniently correspond to the~1.4 ms process that we attribute to formation of a tertiary T-state. Here, the reaction enthalpy change for photodissociation of CO from HbI (DH = 6.8 kcal mol À1 at pH 7) can be described as DH = DH struct + DH FeÀCO , where DH struct represents the enthalpy change associated with the protein structure relaxation and DH FeÀCO is the enthalpy change for the FeÀCO bond cleavage and CO solvation upon entering the bulk solvent. Lawsen and Miksovska reported [22] that the CO-releasing process from a water soluble Fe II meso-tetrakis(4-sulfonatophenyl)-porphyrin (Fe , DH struct is determined to be À13 kcal mol À1 at pH 7. In addition, the reaction volume change (DV) can be expressed as DV = V CO + V HbI + Water ÀV HbICO + Water , where V HbI + Water is the partial molar volume of the HbI solution and V HbICO + Water is the partial molar volume of the CO-bound HbI solution. V CO represents the partial molar volume of CO reported previously [17] to be 35 mL mol
. From the observed DV of 0.12 mL mol À1 at pH 7, we estimate that the structural relaxation accompanying the ligand dissociation (DV struct = V HbI + Water ÀV HbICO + Water ) induces a volume decrease of approximately À70 mL mol À1 at pH 7. This large volume change associated with the 1.4 ms is consistent with the negative dn f1 obtained from the TG signals, and is probably due to the entering of solvent water molecules into the dimeric interface as the side-chain of Phe97 (F4) moves from the dimeric interface into a hydrophobic protein cavity. Based on static crystallography measurement Royer and co-workers reported [10] that after the dissociation of the CO ligand, six water molecules enter into the subunit interface and an additional two water molecules bind to the distal histidine in the heme pocket. Furthermore, they also reported from solution osmotic experiments, about six water molecules bind to the protein upon dissociation of the oxygen ligand, in good agreement with the eight expected based on the crystal structures. These results imply that the large volume contraction due to the structural relaxation of HbI accompanying ligand dissociation is mainly due to the taking of water molecules into the dimeric protein structure from the outer solvent. As we noted, the dn f2 has a smaller magnitude than dn f1 as a factor of 3.5, indicating that the process associated with dn f2 , the 8.7 ms that we attribute to the R-T transition, involves relatively smaller volume contraction. We suggest that formation of the tertiary T-state involves addition of most of the new water molecules, perhaps six, but that the quaternary subunit rotation may be required for binding the final T-state water molecules. Inspection of a model for the tertiary T-state reveals close contacts for interface T-state water molecules binding near the heme propionates that could prevent binding of the last two water molecules until the quaternary transition occurs. Assembly of the complete interface Tstate water cluster may provide some of the driving force for the quaternary transition. We also measured the potential energy barrier for the conformational dynamics of HbI followed by the dissociation of CO ligand using the TA method. To determine the energy barrier for the conformational dynamics of HbI, TA experiments were carried out at various temperatures as shown in Figure 3 b. The temporal profile of the absorbance change in the TA signal in the low temperatures can be well expressed by a tri-exponential function, while the temporal profile of the absorbance change in the TA signal at the higher temperature range can be well expressed by a bi-exponential function. The analyzed decay times for TA signals are summarized in Table 1 . As explained previously, t 1 , t 2 and t 3 are due to the geminate recombination of the dissociated CO ligand, the absorption change of the heme group in HbI followed by the photodissociation of the CO ligand and the bimolecular recombination of CO and HbI, respectively. Using the Eyring equation, ln(k/T) = À(DH°/RT) + ln(k B /h) + (DS°/R), the activation enthalpy (DH°) and the activation entropy (DS°) for the absorption change of the heme group in HbI are determined to be 11.9 AE 1.5 kcal mol À1 and 7.5 AE 0.7 cal mol À1 K À1 , respectively. Furthermore, the energy barriers for the geminate recombination of CO ligand are DH°= 14.4 AE 2.7 kcal mol À1 and DS°= 23.5 AE 3.2 cal mol À1 K À1 . In conclusion, we have studied the conformational dynamics and thermodynamics of HbI, which is an excellent model system for studying the allosteric regulation and cooperative ligand binding with combined probes of TG, TA and PA techniques. Our study combining TG, TA and PA methods and previous studies allow us to propose comprehensive reaction pathways for the R-T transition of HbI as shown in Figure 5 . Upon CO photodissociation of HbICO, some of HbI survive from the fast geminate CO recombination and form a tertiary T-state with the time constant of~1.4 ms. In this process the heme relaxation occurs and water molecules enter the subunit interface. This intermediate undergoes further subunit rotation to form the T-state HbI with the timescale of 8.7 ms. The quaternary subunit rotation may be required for binding the final Tstate water molecules. Both processes are captured in the TG signals but only the 1.4 ms is visible in the TA signal. Our comparative results using both TA and TG techniques show that the TA signal is sensitive to the protein relaxation that takes place in the heme environment of proteins, but can be blind to the overall quaternary structural change.
Experimental Section
The HbI was over-expressed in Escherichia coli and purified as described previously. [23] HbICO was prepared by the following method. A HbI solution in 100 mm phosphate buffer (pH 7) was put into a rubber-topped air-tight quartz cuvette (optical path length = 2 mm) and the concentrations of HbI were adjusted to be 0.5 mm. The HbI is reduced by adding 10 mL of 1m sodium dithionite solution to the HbI solutions under a nitrogen atmosphere. CO gas was passed over the reduced samples for 30 min to convert HbI to the CO-bound HbI (HbICO). The sample solutions were prepared just before measurement.
The experimental setups for the TG, TA and photoacoustic experiments are similar to those reported previously. [24] [25] [26] [27] [28] [29] [30] [31] [32] More details are provided in the Supporting Information.
